ABSTRACT.-Agonistic behavior is a common feature of larval amphibians inhabiting temporary ponds. Given the temporally staggered sequence of hatching by pond-breeding amphibians, ontogenetic patterns of aggression can influence coexistence if larvae of certain species or ages are subject to increased aggression. To determine whether aggression changes through larval ontogeny, we observed agonistic behavior of Ambystoma opacum, Ambystoma tigrinum, and Ambystoma maculatum at four stages of development spanning the larval period. We tracked aggression rates among individual larvae to determine whether previous success, in the form of increased aggression, facilitated success in subsequent contests. All species exhibited distinct ontogenetic patterns of aggression, with the highest and lowest rates of aggression exhibited during rear leg development and metamorphosis, respectively. Species-specific aggression rates were observed, with A. tigrinum consistently displaying the highest levels of aggression. Winner or loser effects were not evident, because increased aggression early in the larval period did not result in increased aggression throughout ontogeny. We hypothesize that the observed patterns of behavior may represent a baseline level of aggression upon which other biotic and abiotic factors act in mediating coexistence among larval amphibians.
Larval ambystomatid salamanders inhabiting temporary ponds experience dramatic seasonal and annual fluctuations in larval density, refugia abundance, and food availability, all of which influence the prevalence of agonistic behaviors (Stenhouse, 1985; Walls, 1995; Wildy et al., 2001) . Seasonal changes in aggression also may be attributed to temporally staggered patterns in which species emerge in ponds, because it contributes to inter-and intraspecific size variation that promotes cannibalism and predation (Stenhouse et al., 1983; Smith, 1990) . Early hatching species prey on both smaller conspecifics and later-emerging heterospecific larvae, to such an extent that populations of late-hatching species may be considerably reduced or extirpated (Walls and Williams, 2001; Boone et al., 2002) . Larval ambystomatid salamanders also exhibit guild structure, because potential intra-and interspecific competitors may consume one another in addition to shared prey. Therefore, seasonal changes in species composition influence the interplay between intraguild aggression among salamander larvae and strict predator-prey interactions between larvae and shared prey items, such as tadpoles (sensu Polis et al., 1989) .
Temporal variation in larval aggression has been examined in the context of environmental changes occurring within ponds (Semlitsch and Reichling, 1989; Sredl and Collins, 1992; Bridges, 1999) . However, less frequently observed are changes occurring within individual larvae, with the most notable example being the shift in diet and behavior associated with the development of the cannibal phenotype in Ambystoma tigrinum (Powers, 1907; Reilly et al., 1992) . Although most Ambystoma species do not develop cannibal phenotypes, larvae may still exhibit variable levels of aggression through ontogeny. Behavioral variation may arise from the dramatic changes in morphology and mode of locomotion occurring during the larval period (Hassinger et al., 1970) , and Ambystoma larvae exhibit ontogenetic shifts in other behaviors associated with aggression and feeding, such as kin recognition (Blaustein and O'Hara, 1986) , predator avoidance (Mathis et al., 2003) , and prey selection (Leff and Bachmann, 1986) .
Temporal variation in larval aggression may also arise from winner or loser effects, in which success or failure during one encounter influences the outcome of subsequent encounters (Landau, 1951a,b) . Because larval Ambystoma repeatedly interact aggressively through ontogeny (pers. obs.), a population of larvae exhibiting winner or loser effects may segregate over time into aggressive (winner) larvae and submissive (loser) larvae. Winning, or in this case, simply being more aggressive, would likely confer advantages over losers that include relatively increased growth (Brodman, 2004) and decreased risk of reciprocal aggression (Walls and Semlitsch, 1991) .
Ontogenetic changes in aggression have previously been shown to influence competitive interactions and associated mortality among aquatic invertebrates (Wissinger, 1989) , and if larval salamanders exhibit similar ontogenetic behavioral patterns, survival would be influenced in multiple ways. First, ontogenetic behavior patterns could act as a ''baseline'' upon which other factors, such as larval density and refugia abundance, would act in either synergistic or antagonistic fashion to affect survival. Second, the timing in peaks of aggression among larvae could identify the species and seasons exhibiting the most intense levels of aggression, because species emerge at different times of the year and, therefore, are at varying stages of development during coexistence (sensu Hansson et al., 2007) . Third, the presence of ontogenetic patterns of aggression could influence seasonal changes in other factors associated with injury and survival among larval amphibians, such as proliferation of fungal infections on wounds (Walls and Jaeger, 1987) , variation in population size structure, and relative growth rates (Brunkow and Collins, 1996) .
In determining whether larval salamanders exhibit ontogenetic patterns of aggression, we designed a laboratory experiment in which rates of larval aggression were recorded throughout the larval period for individual larvae. Given that multiple species of Ambystoma typically cohabit in ponds, we also sought to determine whether aggression levels change through time among multiple species in similar fashion. Because larval density significantly affects aggressive interactions (Walls, 1998) , we hypothesized that one mechanism through which aggressive encounters are mediated is spatial partitioning among larvae; therefore, we recorded distances separating larvae during behavioral trials to identify relationships between partitioning and aggression. Finally, we examined how aggressive behaviors that larvae either performed or were subjected to at a given developmental stage influenced aggression in subsequent developmental stages through the presence or absence of winner and loser effects.
MATERIALS AND METHODS
Animals and Rearing Conditions.-Temporary ponds typically contain a mixture of larvae from fall-and spring-breeding species; therefore, we used Ambystoma opacum, A. tigrinum, and Ambystoma maculatum as focal species. In Illinois, A. opacum larvae typically hatch between November and December, whereas A. tigrinum and A. maculatum hatch between February and March (pers. obs.) The larval periods of these species overlap considerably, with A. opacum, A. maculatum, and A. tigrinum metamorphosing predominantly in May, July, and June, respectively (Regester et al., 2006) . Although A. opacum exhibits a considerable size advantage over later-breeding species for a majority of the larval period, A. tigrinum exhibit faster growth rates (Keen et al., 1984) and larger maximum lengths than other Ambystoma species and often prey on A. maculatum larvae (Petranka, 1998) . Therefore, given the differential growth rates and temporal overlap among these species, ontogenetic patterns of aggression could be of great importance in these communities.
In January 2006, about one-month-old A. opacum larvae were collected from ephemeral ponds in the Shawnee National Forest (SNF) and Touch of Nature Environmental Center (TONEC) of southern Illinois. Larvae were transported to the laboratory and housed individually in 15 3 12 3 5 cm containers filled with 600 mL of reconstituted water (Horne and Dunson, 1995) . Larvae were reared under a 12 : 12 L : D photoperiod and a temperature ranging between 15uC and 21uC. Larvae were maintained on a daily diet consisting of the amount of Artemia sp. nauplii hatching from 0.015 g of eggs, and larvae received fresh reconstituted water every 5-8 days.
In April 2006, 10 egg masses each of A. tigrinum and A. maculatum were collected from ephemeral ponds in SNF and TONEC. We collected egg masses instead of recently-hatched larvae of these species because of the relatively low abundance of A. tigrinum in southern Illinois (Regester et al., 2006) and the prevalence of lethal fungal infections in A. tigrinum and A. maculatum egg masses that prevented hatching in situ (pers. obs.)
Egg masses were housed individually in 15 3 12 3 5 cm containers filled with 600 mL of reconstituted water (Horne and Dunson, 1995) until hatching. To allow larvae to recognize and interact with conspecifics prior to behavioral trials, hatchling larvae from 3-4 egg masses were transferred into 35 3 25 3 11 cm containers filled with 9 liters of reconstituted water and allowed to cohabit for a period of 30 days at densities equivalent to A. opacum collected from ponds (CLM, unpubl. data.) . During this period, larvae were housed under the same photoperiod, temperature, and feeding regime as A. opacum, and were provided with refugia in the form of approximately 20 Acer spp. leaves to minimize cannibalism prior to behavioral trials. After 30 days, larvae were transferred to individual 15 3 12 3 5 cm containers and reared in the same manner as A. opacum.
Experimental Apparatus and Procedure.-Prior to behavioral observations, larval head width (HW), snout-vent length (SVL), and total length (TL) were determined from digital photographs using ImageJ image analysis software (Abramoff et al., 2004) . Larvae were then assigned to intraspecific pairs based on equal HW, although they remained in individual containers prior to behavioral trials. Once larvae were measured and paired, they received fresh reconstituted water and were fasted for 24 h to standardize hunger levels.
A circular arena (diameter 5 19 cm, water depth 5 3.5 cm) was used to observe aggression among intraspecific larval pairs of each species. The arena was surrounded by opaque material on all sides to prevent the interference of outside stimuli during behavioral trials, and behavioral trials were conducted during the ''dark'' portion of the photoperiod because Ambystoma larvae are known to be more active at night (Branch and Altig, 1981) . Behavioral observations were either viewed under flashlights equipped with red cellophane filters or video recorded under infrared lighting.
For each pair of larvae, individuals were placed separately into perforated cups within the arena for 5 min. Perforations in cups allowed for exchange of water but prevented larvae from seeing or interacting with each other. Larvae were then released from their cups, and aggressive behaviors were recorded for 30 min. To quantify larval aggression, the combined counts of the behaviors ''move toward'' (MT), ''lunge'' (LU), ''bite'' (BT), and ''predation'' (PRED) were recorded for one randomly selected larva in each trial; definitions of these behaviors follow Walls and Jaeger (1987) . To distinguish the aggressive behavior MT from random movements within the arena that might result in one larva moving toward another, MT was defined as occurring when less than one body length separated larvae. We also recorded rates of ''mutual approach'' (MA), which consisted of both larvae simultaneously performing a ''move toward'' behavior. Distance between the heads of larvae in the arena (DIST) was recorded to the nearest centimeter every 5 min during trials to determine whether spatial partitioning varied with developmental stage, species, or the associated rates of aggressive behaviors.
To record aggression through larval ontogeny, we observed behaviors at four distinct developmental stages which encompassed the entire larval period. Larval developmental stages were defined as follows: (1) recently hatched: larvae that had not yet developed rear legs; (2) rear legs developed: larvae with recently (,1 month prior to behavioral trials) developed rear legs; larvae at this stage possessed rear limbs that were shorter and thinner than the front limbs; (3) premetamorphic: larvae with fully developed rear legs (.1 month since development of rear legs) but not yet metamorphosing; larvae at this stage possessed rear limbs that were longer and thicker than the front limbs; (4) metamorphic: larvae in the process of reabsorbing gills and tailfins.
Thirty trials were conducted for each species at each developmental stage, resulting in a total sample size of 360 intraspecific behavioral trials and individual observations. For trials at each developmental stage, larvae were measured, haphazardly assigned to pairs based on equal HW, and observed in the manner described above. After each trial at each developmental stage, larvae were returned to individual containers, immediately fed, and reared under the same conditions as prior to trials. During subsequent trials, larvae were never paired with the same individual from a previous trial.
Statistical Analyses.-All statistical analyses were conducted using SAS Version 9.1 (SAS Institute Inc., Cary, NC). Prior to all statistical analyses, one larva from each pairwise comparison was randomly selected as the focal individual, resulting in a sample size of 30 individuals for each species at each developmental stage. To test the null hypothesis that counts of aggressive behavior would remain unchanged over the course of the larval period among the three focal species, we used split-plot analysis of covariance to test the fixed effects of species (whole-plot effect) and developmental stage (split-plot effect) on aggressive behavior counts of focal individuals, with behavior counts of nonfocal individuals as a covariate. Following identification of an overall significant effect of species or developmental stage on aggression, we employed post hoc TukeyKramer tests to determine which species or developmental stages significantly differed from one another. To test the null hypothesis that space separating larvae during trials (partition distance) was not associated with changes in larval aggression, we conducted linear regression for each species using average distance separating larvae during trials and the average counts of aggressive behaviors from both larvae in each trial as independent and dependent variables, respectively.
To identify winner or loser effects among larvae, we conducted linear and quadratic regression analyses between an index value of the intensity of aggression experienced by a focal larva in a selected developmental stage and their aggression level in the subsequent developmental stage. As our index value, we used the formula [(AGG1/AGG2) 3 AGG1], where AGG1 and AGG2 represent the numbers of aggressive behaviors performed by the more and less aggressive larvae in a pair, respective-ly. However, for trials where one larva failed to perform any aggressive behaviors (AGG2 5 0; N 5 91 trials), this formula would be unsuitable as any AGG1/0 5 undefined. Therefore, in these cases, we used the formula (AGG1 2 + AGG1) to calculate appropriate index values (e.g., A trial with AGG1 5 5, AGG2 5 0 should produce an index value between trials with AGG1 5 6, AGG2 5 1 and AGG1 5 5, AGG2 5 1). Finally, a positive or negative sign was assigned to the index value based on whether the focal larva was the more or less aggressive larva of a pair, respectively. Following these procedures, a focal larva that was very aggressive to the nonfocal larva without reciprocal aggression would exhibit a high positive index value, whereas a focal larva that was not aggressive but experienced high levels of aggression from the nonfocal larva would exhibit a high negative value. Pairs that reciprocated aggression would exhibit intermediate index values that increased with increasing aggression. Overall, if unreciprocated aggression by the focal larvae resulted in increased aggression in the subsequent developmental stage (i.e., a winner effect was observed), a positive relationship between index values from one stage and subsequent aggression level in the next stage should be observed.
RESULTS
Ontogenetic Effects.-Both among and within species, rates of larval aggression varied significantly with developmental stage (Table 1, Fig. 1 ). Post hoc Tukey-Kramer tests indicated that for all species combined, stage 2 larvae were significantly more aggressive than all other stages (P , 0.001). Furthermore, stage 1 and 3 larvae were significantly more aggressive than stage 4 larvae (P , 0.001), but stages 1 and 3 did not differ significantly in aggression (P 5 0.57). Aggression rates were highest among larvae with recently developed rear legs for A. opacum and A. tigrinum, and these rates were 150% and 129% higher than the next most aggressive developmental stage for each species, respectively. Ambystoma maculatum Mean combined counts (6 SE) of the aggressive behaviors ''Move Toward,'' ''Lunge,'' ''Bite,'' ''Predation,'' and ''Mutual Approach'' observed throughout the larval periods of Ambystoma opacum, Ambystoma tigrinum, and Ambystoma maculatum during 30-min observation periods. Letters above aggression rates at each developmental stage indicate stages which differ significantly from one another (P , 0.05), and letters to the left of stage 1 aggression values indicate species that differ significantly from one another (P , 0.05). aggression was highest among premetamorphic larvae but only 8% higher than larvae with recently developed rear legs. For larvae of all species, metamorphosing individuals were the least aggressive, with aggression rates 71-88% lower than the next most aggressive stage for each species.
Species Effects.-At each developmental stage, significant differences in aggression were present among the three focal species (Table 1 , Fig. 1 ). Post hoc Tukey-Kramer tests indicated A. tigrinum aggression throughout development was significantly higher than either A. opacum (P , 0.001) or A. maculatum (P , 0.001), but overall aggression did not differ significantly between A. opacum and A. maculatum (P 5 0.70). Ambystoma tigrinum larvae were consistently the most aggressive species throughout ontogeny, with aggression rates 20-200% higher than A. opacum and 30-225% higher than A. maculatum at the same developmental stage. During developmental stages 1 and 2, A. opacum exhibited 43-67% higher aggression rates than A. maculatum, yet this pattern was reversed later in the larval period. During developmental stages 3 and 4, A. maculatum exhibited 62-100% higher aggression rates than A. opacum. In addition to overall differences in aggression by developmental stage and species presented above, individual comparisons of all speciesstage combinations and their associated Pvalues are provided (Table 2) .
Spatial Partitioning.-Based on the results of linear regression, the distance separating larvae during trials was not significantly related to associated counts of aggressive behaviors among larvae for all species combined (R 2 , 0.001, P 5 0.78). This lack of a pattern was also observed within species for A. opacum (R 2 5 0.017, P 5 0.15), A. tigrinum (R 2 5 0.004, P 5 0.47) and A. maculatum (R 2 5 0.002, P 5 0.63; Fig. 2 ). Winner/Loser Effects.-After all ties had been eliminated, 105, 102, and 102 behavioral trials were used in identifying winner or loser effects among A. opacum, A. tigrinum, and A. maculatum, respectively. Previous experiences, as defined by index values of aggression, were not significantly related to the intensity of larval aggression displayed in subsequent developmental stages as determined by either linear (R 2 5 0.002, P 5 0.40) or quadratic regression (R 2 , 0.001, P 5 0.60), and the lack of relationship was observed both within and among species and developmental stages using either linear or quadratic regression (All R 2 , 0.064, P 5 0.095). However, the maximum aggression levels over the range of index values occurred for those larvae that experienced or performed very few aggressive behaviors in their previous developmental stage (Fig. 3) .
DISCUSSION
The results of this study demonstrate that aggression is variable in a similar pattern through ontogeny among larval A. opacum, A. tigrinum, and A. maculatum, and species-specific rates of aggression at each developmental stage were also evident. In addition, larval aggression did not appear to be mediated by either winner or loser effects or spatial partitioning among larvae during trials.
Previous studies have shown that relative size and timing of hatching among Ambystoma larvae are important influences on larval aggression (Stenhouse, 1985; Brunkow and Collins, 1996; Boone et al., 2002) . The results of our study suggest that larvae do not simply become more aggressive as they grow larger. As a result, timing of hatching may impact aggression by influencing which species are present when a focal species reaches its most aggressive developmental stages, not necessarily its largest size. For example, larvae of fall-breeding A.
opacum initially possess a considerable size advantage over larvae of spring-breeding A. tigrinum and A. maculatum (pers. obs.). However, because of the predicted decreases in A. opacum aggression at the time of A. tigrinum and A. maculatum emergence (Fig. 4) , predation by A. opacum on later-hatching species is less likely than if these species emerged earlier. Therefore, lower rates of A. opacum aggression when cohabiting with A. tigrinum and A. maculatum may represent one mechanism through which coexistence is facilitated. Conversely, as A. maculatum are present when A. tigrinum become most aggressive (Fig. 4) , relatively high rates of predation by A. tigrinum would be expected, and this strategy may contribute to the observed high growth rate of the latter, as is seen in cannibalistic A. tigrinum, Ambystoma jeffersonianum, and A. opacum in a previous study (Brodman, 2004) . However, in addition to developmental stage, relative size between larvae contributes to aggressive interactions, as larger A. opacum and A. tigrinum prey on smaller A. maculatum even when the larger species are at less aggressive developmental stages (CLM, unpubl. data.) Consequently, future studies should examine changes in the prevalence of predation within larval communities through ontogeny in the context of both aggression levels and size variation.
Species-specific aggression rates observed in this study support previous conclusions regarding the importance of morphology and growth to agonistic behavior. Wider heads and faster growth rates in A. tigrinum compared to sympatric species (Keen et al., 1984) confer a predatory advantage that agrees with our observations of A. tigrinum as a superior aggressor. Ambystoma maculatum, which is typically the smallest of the three species in ponds, have been hypothesized to coexist with larger Ambystoma species by using refugia and, thus, decreasing the potential of encountering predators (Brodman, 1996; Brodman and Jaskula, 2002) ; such behavioral strategies, in conjunction with the relatively low levels of aggression displayed in our study, would reduce aggressive encounters with conspecifics and other larval Ambystoma.
Despite species differences in aggression, the overall similarities in ontogenetic patterns of aggression among multiple species in our study suggest that changes in aggression are associated with aspects of development shared by Ambystoma larvae. Factors such as limb development and their associated changes in frequency and mode of locomotion (Anderson, 1968) may impact aggression by influencing contact rates among larvae. Anderson (1968) observed that Ambystoma larvae swam very little prior to development of rear legs; larvae in our experiments exhibited similar behavior, and we hypothesize that reduced movement early in the larval period results in relatively few aggressive interactions. Among metamorphic larvae, the reduced aggression observed in our study may be associated with dramatic development of the jaw and limbs occurring at metamorphosis (Duellman and Trueb, 1986) , because these changes contribute to decreased feeding behavior (Relyea and Yurewicz, 2002) and could reduce frequency of contact between larvae. Metamorphic larvae used in our study would commonly float on the water's surface, remaining motionless for the duration of the trial.
The absence of winner or loser effects in this study contrasts with previous findings that an FIG. 4 . Projected in situ aggression (combined totals of the behaviors ''Move Toward,'' ''Lunge,'' ''Bite,'' ''Predation,'' and ''Mutual Approach'' / 30-min trial) among larval Ambystoma opacum, Ambystoma tigrinum, and Ambystoma maculatum in southern Illinois. The dates at which larvae enter each developmental stage were determined from digital photographs of larvae taken from ponds in the Shawnee National Forest between November 2005 and May 2007 (CLM, unpubl. data).
act of predation increases subsequent aggression rates (Brodman, 2004) . Because larvae in this study were paired for equal size, we effectively eliminated size advantages between larvae, and consequently, no acts of predation were recorded. That we did not observe winner or loser effects in the absence of predation supports Brodman's (2004) hypothesis that predation itself and the associated increases in growth and population size variation are responsible for increases in aggression following predation.
Given that all focal species exhibited a similar behavioral pattern through ontogeny, we hypothesize that external factors, such as larval density and size variation, operate on these intrinsic ontogenetic patterns of aggression. Future studies of ontogenetic behavioral changes should examine the interplay between ontogeny and external factors, such as larval density, relative size, and food limitation. By examining pond species composition during developmental stages when larvae are most aggressive, we may identify the periods of highest predation risk and those species that are most at risk as well as determine how predation among species may ultimately influence species distributions. Furthermore, additional trials consisting of interspecific comparisons are necessary to determine whether ontogenetic patterns of aggression occur in similar fashion among intra-and interspecific larval pairs.
